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I N T R O D U C T I O N 
Physicochemical studies of molten salts and their mixtures 
have been a subject of extensive research for the last several 
years * * . Recently, much interest has been shown in 
investigating their industrial and technological applications. 
Measurraents of density, viscosity, surface tension, electrical 
conductance and ultrasonic velocity help in understanding the 
molecular interactions in molten salts and their mixtures and 
also help in correlating their behaviour with the corresponding 
thermodynamic properties. Since, molten salts are expected to 
behave like liquids in their molten state, the theories of liquids 
are applied to study their thermodynamic behaviour. 
In much recent years, there has been considerable interest 
in studying the excess thermodynamic functions of binary mixtures 
of liquid and molten salts with a view to examining the status of 
the current theories of solutions * * and understanding the 
strength and the nature of interactions among them. Besides the 
excess thermodynamic properties like the excess volume, V and 
E E 
the excess free-energy G , the excess viscosity, rj , obtainable 
from the temperature and concentration dependence of density and 
viscosity data, adequately explain the extent of intermolecular 
78—SO interaction in binary liquid mixtures . 
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Attempts have also been made to estimate the strength 
81 
of interactions in binary mixtures from the viscosity data 
83—87 Several empirical relations have been used to represent 
the concentration dependence of viscosity in binary liquid 
mixtures. The observed positive deviations from the dependence 
80 R^ 
of viscosity on mole fraction and the presence of maxima ' 
have been attributed to the complex formation while the negative 
deviation has been ascribed to the presence of dispresive forces. 
Surface tension, a, is one of the various physical 
properties which has been investigated to understand the ionic 
interactions in binary molten salt mixtures. Many attempts have 
been made for the theoretical correlation of surface tension of 
4 
liquids, molten salts and their binary mixtures. Guggenheim , 
on the basis of quasi-crystalline model derived equations for 
the ideal and regular solutions. In order to ascertain if 
certain molten salts are non-interacting or they result in 
9 
complex formation due to their interaction, Heymann et al. 
employed the thermodynamic method of Guggenheim for this purpose. 
18 An improved model was developed by Hoar and Melford . Later on, 
29 30 Bertozzi and Sternheim ' showed that there are significant 
deviations from the earlier proposed equations when employed for 
the calculation of a values of alkali nitrates and binary halide 
systems and introduced a 'Tobolsky Parameter' to account for the 
intermolecular interaction in their efforts to obtain good results 
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On the basis of few existing phenomenological theories 
41 
of liquid state, e.g., Lennard-Jones and corner have 
calculated the surface tension by employing the free-volume 
42 theory while Reiss, Ltbowitz and Frisch used the hypernated 
43 
chain theory for this purpose while Eyring et al. employed 
the significant structure theory. These theories reproduce the 
experimental values of surface tension reasonably well in the 
low density range unlike those obtained in those of higher 
48 densities. Ono has reviewed the methods available for the 
calculation of surface properties by employing such theories. 
Nissen and Domelen have pointed out that the equations based 
on the regular solution theory assuming the quasi-lattice model 
and random distribution of species, both in the bulk phase and 
in that of the surface phase, can be used to calculate the 
surface tension of binary molten mixtures. Results of these 
models were in good agreement with those of the experimental 
values and the deviations are attributed to non-coulombic inter-
actions which invalidate the random mixing assumptions implicit 
in the theoretical consideration. 
Recently, the Flory's statistical ~ theory has been 
developed for the exact representation of the liquid state of 
non-polar liquids and their mixtures. This theory has been 
employed to evaluate the reduced and the characteristic thermody-
namic parameters which, in turn, can be employed in evaluating 
the interaction parameter, the surface tension, the ultrasonic 
- 4 -
73 74 
velocity and the thermodynamic functions. Pandey et al. » 
have successfully utilized this theory in determining the 
surface tension of molten salts and their binary mixtures. With 
a view to explaining the successfull applicability of the Flory 
theory in evaluating the surface tension in the cases of low 
melting salts and their mixtures, the data recorded recently 
have been examined. 
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THEORIES OF SURFACE TENSION 
The classical thermodynamic treatment of surface tension 
of mixtures due to Gibbs was extended by Butler who making the 
additional non-thermodynamic assumption that the difference in 
composition of the surface from that of the bulk is confined 
entirely to the first layer of molecules, obtained the equation, 
'M 
(1) 
Where cr,, cr. and cr^ are the surface tension of the mixture Mi z 
and those of its components 1 and 2 respectively, R is the ideal 
gas constant, T is the absolute temperature, A^and A^ s^ e the 
respective areas of components 1 and 2 spread out as monolayers 
(molar surface area), while a. and a^ are the mole fraction 
activities in the bulk of the mixture referred to the bulk pure 
components as the standard states and a,' and a^' are the activi-
ties in the surface monolayer referred to surface monolayers of 
the pure components as the standard states. 
For ideal binary mixtures eqn. (l), gives 
CT7. = 0-, + ~ P - In 
M I ' k^ "" x^ 
- 6 -
cr^ + - ^ in — 2 - (2) 
'2 • A2 "" X 1 
Where x,, x- and x,* , x^' are the mole fractions in the bulk 
and in the surface monolayer, respectively. 
Based on the methods of statistical mechanics as applied 
to a quasi-lattice model which requires the imposition of 
2 
additional restirction, i.e., A, = A- = A , Belton and Evans 
3 
and Schuchowitzky obtained the following expression, 
-M = "l ^ -^ 1" 4^ 
'^l 
x • 
= ^2 ^ ^r 1" ~ (3) 
for the dependence of surface tension of binary mixtures on 
their composition, especially for perfect solutions on the 
assumption that the difference in composition of the surface 
from that of the bulk is confined to a unimolecular layer, 
2 
Belton and Evans extended their treatment to ideal mixtures 
with components of unequal molar surface areas, using a mcdel in 
which the surface layer of the molecules covers only a fraction 
of the second layer determined by the difference betv.een the 
molar surface areas of the components. The model leads to 
- 7 -
X. ' 
or, = cr, + -^^ In - - ^ + M I A , X, 
2 
They successfully applied their equation and obtained 
good agreement with the experimental values for the ideal 
mixtures while discrepancies were found depending upon the 
extent of departure from the ideal behaviour. 
Guggenheim derived expressions for the surface tension 
of ideal and regular solutions on the basis of quasi-crystalline 
4 
model. Guggenheim using the method of grand partition function 
obtained the more elegant symmetrical form of eqn. (3), 
exp ( -^-M— ) = x^ exp ( - ^ ) + x^ exp (-^| ) (5) 
F-or an equimolar mixture of the two components forming perfect 
so lu t ion , eq. (5 ) , reduces to eqn. (6) 
«^ = ^ - ( A2A/8 RT) (6) 
- 8 -
where Ow = ^  (CTJ^  + a^); A = 02^-^a^^ . 
Guggenheim treated the regular mixtures by a statistical 
5 6 7 
calculation method based on the simple zeroth approximation * * 
as applied to the quasi-lattice model and assuming that the 
molecules in the surface are packed in the same manner as in the 
bulk making the same contribution per pair of neighbours to the 
potential energy and secondly the difference in composition from 
the bulk is confined to a single layer of molecules at the 
surface. Such a consideration has led to the expression. 
r, - n , RT . ^1' mW 2 , IW //2 2 . 
-a . RT . ^2' mW 2 . _1W_, '2 _ ^ 2 ) . 
- ""2 ^ ^ : ^ ^ ' ' ^ A ^ ""l -^  A "^"l ""l '^ 
M / M 
Where W = H /y.,x^, H being the enthalpy increase when x, 
moles of component 1 are mixed with x„ of 2. 1 and m are the 
fractions of the total next-neighbour contacts made by a mole-
cule within its own layer and with molecules in either adjoining 
layer (for close packing : 1 = ^ , m = ^ ; for cubic packing : 
1 = ^ , m = T ; and for any other type of packing: 1 + 2m = l ) . 
When the mixing energy, W is zero, the regular solution 
becomes perfect and the above formula reduces to eqn. 5 which 
- 9 -
is perhaps, the most instructive form for estimating the 
depencence of surface tension on composition in the cases of 
perfect solutions, 
g 
Defay and Prigogine proposed a two layer model for the 
surface tension of regular solutions. They suggested that the 
3 2 4 
Schuchovitzky , Belton and Evans , and Guggenheim monolayer 
model seemed valid for strictly regular solutions, but owing to 
the fact that the perturbation of composition extends to even 
deeper layers, this model is considered inadequate. The inade-
quacy seems to stem from an incorrect estimate of the relative 
adsorption. Such a consideration is also in disagreement with 
the Gibbs formula. The two-layer model corrects these defects 
and the statistical method used can be extended readily to a 
multilayer consideration. According to Defay and Prigogine 
eqn. (7) leads to eqn. (8), 
d or. EL r 2 
( U i )p ^  = ( ^1 - "V" ^  ^^'^ ' 2W(l-m) x^ X2], (8) 
where i = 1 o* ®^ ^^^ surface excess of 1 in moles per unit 
area; and that eqn. (8) has been found to be inconsistent with 
the Gibbs equation for regular mixtures. 
i ^ . „ . , Tx n 
( i ^ )P'T "'•-7^ - -if- > CRT - 2W X^Xj]. (9) 
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Heymann et al. used Guggenheim's method for 
estimating the intermolecular interactions of several 
molten salts. Small negative deviations from ideality in 
some systems are interpreted in terms of the differences 
in ionic radii of the replacing ions and the strong negative 
deviations from ideality are found in systems in which 
complex ions are likely to exist in the mixtures 
as for example,jPbCl2 + KCl and CdCl2 + KC1|systems . The 
positive deviations from ideality in (PbCl2 + CdCl^) -system 
are seemingly due to change in the constitution of cadmium 
chloride which takes place on mixing. 
18 Hoar and Melford modified the Heymann's equation and 
calculated the surface tension of several binary liquid mixtures 
by an improved capillary method at temperatures ranging from 
the melting point to Ca» 550 C and the results were compared 
with those of the theoretically computed values employing severaJ 
2 4 11 
earlier equations * * some of which were even shown to be 
indequate as well as the one based on the monolayer model which 
showed relatively good agreement with the experimental data. 
1 o 
The modified equation of Hoar and Welford for determining the 
surface tension of regular mixtures is 
- 11 -
= ^ 2 ~ ^" ~ •" ^ ^^  '^l " ^ 1 ^  ^^°^ 
where 1' lies in the range 0»5 - 0,75. 
Hildebrand treated the regular mixtures by a statistical 
5 6 7 
method based on the simple zeroth approximation * ' and 
obtained, 
W 2 * 
In a, = 1" ^ x "*• F[X ^2 
In 32 = m x^ + ^ - x^ (11) 
11 12 13 
Cantor , Feustel and Schrodinger have discussed the 
theory of the maximum bubble pressure and have obtained equations 
which differ only slightly from one another. Schrodinger gave 
the formula , 
1<r ^v. [^ 2r I r x / , o \ 
H = TD:<r = ^h (1 - 3h - - r 2 ^ ^12) 
where B^ is the specific cohesion of the liquid, D is the density 
of the liquid, d is the density of vapour, r is the radius of the 
capillary and h is the height of a coloumn of liquid equivalent 
to the pressure due to the bubble. 'Sugden-'- has shown that 
eqn. (12) is applicable for values of r/a up to 0,20. This 
requirement was satisfied in the cases of experiments carried out 
9 
by Heymann et. al. for molten salts and their mixtures. The 
- 12 -
surface tensions were also evaluated by employing equation, 
CTj^ /cJ^  = h|/h^, (13) 
where cr and a^ represent the surface tension of water and the 
molten salt, respectively. The use of eqn. (i3) involves errors 
due to the omission of the second and the third terms of the 
Schrodinger equation and also of the capillary expansion. 
Neglecting the final term in eqn. (12), the correction to the 
value of the surface tension as given by eqn. (13), is 
2 h.' 
i ^t h2 nj_ 
'1 
where h, is the maximum bubble pressure for water in Cm of water; 
ho is the maximum bubble pressure for the molten salt in Cm of 
the molten salt. This correction was found to be between -0.2 
-1 9 
and -0.3 dyne cm for all the liquids investigated . The 
error in the evaluated surface tension by eqn. (13) has been 
found to be between 0.2 and 0.3% which may account for the 
neglect of the capillary expansion. 
The theory of capillary rise has been discussed by Lord 
15 Rayleigh , for a narrow tube of radius r in which the meniscus 
stands at a height h above a plane surface of the liquid and 
obtained the equation. 
- 13 -
2 3 
a^ = 2a2 = r (h + I - C.1228 £ + 0'1312 r^ ^ ^^^ 
h 
where a = 2a = (16) 
g(D-cl) 
in which g is the acceleration due to gravity and d the density 
of vapour or air and vapour if the surface tension is measured 
against air. This formula holds accurately as long as r/h is 
small compared with r. 
It was shown by Richards and Coombs that the wide tubes 
employed by many workers were not large enough to give a plane 
surface by which measuring the rise in the narrow tube required 
a suitable correction for the capillary rise in the wide tube. 
To calculate this correction, Rayleigh employed the formula, 
£ - log e ^  = 0.8381 + 0.2798 f + ^  log J ^ (17) 
for evaluating the capillary rise in the wider tube when r/a 
is greater than 6. The range of application of these equations 
limits the size of the tube which may be used for the accurate 
measurment of surface tension. 
17 Richards and Carver have used the tubes of such dimensions 
that equations (15), and (17) could be employed. 
19 For a rigid sphere fluid, Riess, Frisch and Lebowitz have 
developed an equation of state by essentially computing the reve-
rsible work of creating a spherical cavity in the fluid. This 
20 
equation of state has been presented in the form. 
- 14 -
^ =-L^L_I_L^ (18) 
^^ (1-y)^ 
where P is the pressure, V is the molar volume, y is 
jl  a N/6VJ N is Avogadro's constant and a is the rigid 
sphere diameter of the molecules comprising the pure liquid. 
Then the isothermal compressibility, ^ is expressed as, 
p = Vilify/ - a9) 
RT(l+2y)'^ 
20 Stillinger has used eqn. (19), for the molten alkali halides 
and has shown that the calculated values of interionic distances 
are of the same order of magnitude as those found for the solid 
alkali halides from the X-ray diffraction. 
19 Later on, the relation used by Reiss, Frisch and L'jbowltz 
has been extended to the surface tension of real fluids including 
the non-electrolytes, the molten salts and the liquid metals. 
The expression established for the surface tension is 
^ = J 2 _ [ 4 2 ^ ^ is-yl ] - - ^ (20) 
22 for real fluids the molecular parameter a is the hard core 
diameter of the molecules comprising the fluid, 
23 Eyring , on the basis of the significant structure theory 
of liquids employing the use of the partition function, establishe 
a relation for the surface tension of liquid as, 
^ = 2 aCi 0^9165 (_ls_)l/3 (21) 
where Gi is the difference in the free-energy of one of the 
surface layers and that of the bulk liquid. The remaining 
2 factor is the volume of a layer of surface lattice one cm in 
area assuming a face-centred cubic lattice. The other types 
of packing would give rise to a different factor. As this theory 
is applicable to various types of liquids, it is used to calcu-
late the transport properties and the surface tension and can 
also be used to 'compute the radial distribution function. This 
24 theory has been applied successfully to a large variety of 
liquids. 
Douglas, Henderson, Henry Eyring and Dale Felix have 
calculated the surface tension of normal Hydrogen, Hydrogen 
deuteride and normal deuterium using eqn. (21), on the assumption 
that the liquid hydrogen has a quasi-lattice structure in which 
the lattice sites are occupied either by hydrogen molecules or 
holes of molecular size. Such a hole will confer gas-like 
properties on a molecule which jumps into it and also will give 
rise to a degeneracy in the solid-like structure. The computed 
values of surface tension were compared with those obtained 
experimentally by Shelton and Man and Van Itterback . The 
agreement was found to be good. 
,.o 
28 
Mayer has established a molecular parameter relationship 
between the surface tension and the liquid compressibility by 
combining equations (19) and (20) and neglecting the term, Pa/2 
from eqn. (19), Since it is negligible in comparison with the 
other term on the right-hand side of this equation. This relation-
ship has been expressed in the form, 
gcr= ^^^'^y i y^^ (22) 
4(l+2y)^ 
The applicability of eqn. (22) has been examined by Mayer by 
comparing the measured surface tension with the surface tension 
computed from eqn, (22) and its suitability has also been 
examined by comparing the experimental values of compressibility 
with those computed. The above equation has been applied success-
fully to the hydrocarbons, the hydrogen containing organic and 
inorganic non-electrolytes, the polar organic compounds, the 
liquified gases, the liquid metals and the molten salts, 
29 30 Bertozzi and Sternheim * found that the treatments of 
Guggenheim, Hoar and Melford are inappropriate for the evaluation 
of surface tension of alkali nitrates and binary halide systems. 
The Guggenheim's treatment requires equal molecular surface areas 
of the components and obviously such a requirement is not ful-
filled for the major part of the system. The deviations are often 
quite large in the cases of alkali nitrates and binary halides 
4 18 
and cannot be accounted for by Guggenheim or Hoar's equation 
- '•? 
31 for regular mixtures. In such cases Blander has considered 
that the 'ionic mixtures with cationic radii different from 
each other in a given case cannot be regarded as ideal*, and 
tried to relate the deviations from linearity to a semiempirical 
equation. Bertozzi and Sternheim, therefore, modified the 
expression by introducing the 'Tobolsky parameter' 
[(d,-d2)/(d,+d2)] , i.ej a function of interionic distances of 
the respective pure salts and obtained a semiempirical expression 
for the surface tension of mixtures as follows : 
0- = x^ cTj^  + x^cr^ - 1900 x^X2 [ (d^-d2)/(d^+d2) ]^ (23) 
in which d, and d^ are the interionic distances of pure salts. 
The Tobolsky parameter was previously used by Kleppa and co-
32 
workers in their studies on the heats of mixing in liquid 
nitrate system. 
According to the Prigogine corresponding states * theory 
the bulk molar configurational quantities (a part from the com-
binatorial entropy) of different chain molecule or spherical-
molecule liquids are related to the universal dimensionless 
reduced quantities through the reduction parameters, 
V (T,n}. = V*(n) Vl ; V*(n) = N r(n) (R*)^ 
U (T,n) = U*(n) "U 7 ; U*(n) = N q(n) ^ 
S (T,n) = S (n) l f ; S*(n) = N c(n) K (24) 
and 
T = T/T ; T = U /S ; P = U /V (25) 
where n is the number of atoms in the principal chain; .^- and 
R are the characteristic depth and the distance parameters of 
the interaction potential between the chain or the spherical 
molecules. The parameters r,q and c are considered as 'systems' 
per chain molecule, but only the value of c can be ascribed to 
an absolute significance. 
Several models have been proposed to predict the reduced 
quantities and the reduction parameters. The original Prigogine 
cell model for the chain-molecule liquids applies a dependence 
of the configurational energy on the volume equivaltent to the 
Lennard-Jones (6,12) energy distance relation , 
iT (V) = - 2V "^ + 7 '^ (26) 
and^more generally for an (m,n) potential, 
U'(V) = — ^ [ -n r -'"/S ^ n, v' -"/3] (27) 
Flory and collaborators used the cell partition function 
and a simple Van der Waals energy-volume relation, U = - V, 
equivalent to putting m=3 and n-> a in equation (27), 
T and P are related to the isobaric thermal expansion'.00--
effecient (a) and the isothermal compressibility (^ ) through, 
1 O 
T* = a (f) / a (n,T) 
P* = ?(T) / p (n,T) (28) 
where T and P are the reduction or the characteristic 
temperature and pressure, 'a and ^ T are the reduced isobaric 
thermal expansion coefficient and isothermal compressibility, 
respectively. 
37 Roe has extended the Prigogine corresponding-state 
theory to surface tensions andfound completely two different 
reduced surface tension curves, o"(T), for the high polymers, 
on the one hand^and for the argon and methane, on the other. 
/ * / \2/3 Assuming the area taken at the surface as (V /N c) and its 
characteristic molecular energy as U /N^  c, Roe defined a 
reduction parameter for the surface tension as^ 
^ f ) = <r (n,T)Mn) = o<n,T)/(^ ) (VVNC)^/^ (23) 
Sal 
However, the defining relations of the reduction parameters 
allow eqn. (29) to be put in the following form, which is 
analogues to that used by Van der Waals, 
S^(T') = o-(n,T)/</(n) = cr(n,T)/K^/^ P* ^^^ T* ^^^ (30) 
where K is the Boltzmann constant and c is the reduced surface 
tension. The discovery of a universal 0^(7) function would show 
that the corresponding states principle is valid for the surface 
tension as well as for the bulk properties without, however, 
implying that the particular model of the liquid is correct. 
39 Patterson and Rastogi , directly used the bulk properties to 
yield a corresponding states plot and they suggested that 
equation (28), allows T and P to be eliminated from eqn. (30) 
which then shows that the dimensional quantity, 
a-p2/3 al/3Kl/3 = ^  |2/3 ^1/3 (3^) 
is a universal function of T or aT for all the liquids. Patter-
son and Rastogi derived the reduced quantities of a and p, 
using the Van der Waals equation of state, in its reduced form. 
a'= Tc a (T,n); ^ = Pc P(T,n) (32) 
Equation (32) has not been found applicable to more complex 
molecules and it requires the introduction of an ascentric factor, 
40 Prigogine and Saraga have proposed a simple cell model 
theory of the surface tension of spherical molecule liquids on 
the basis of a (6, 12) choice of (m,n) in the potential eqn, (27) 
and assuming that in the case of the chain molecule, a segment, 
in moving from the bulk to the surface, experiences on increase 
of the configurational energy equal to - M U(V) due to the loss 
of a fraction, M, of its nearest neighbours at the surface. The 
cell partition function, 'i^ of a segment at the surface is 
increased to the loss of constraining nearest neighbours in one 
- 2i ~ 
direction so that 
H^surfaceAf bulk = (V^/^ - 0.5b)/(V^/^ - b) (33) 
where b is a packing factor given by 
h = /ni)l/(n-m) 
which tends to unity as n — - ^ «. They obtained equations for 
the evaluation of reduced surface tension, surface energy and 
the entropy, 
o^  V 2/3 = . M U- (V) - T m ""-Hk^ (34) 
V^^ -b 
'^ l/S 
o^ U =-1^11; (V); •'?S=ln ^Wo"^*^- (35) 
V ^ -b 
—• — '^ 
The quantities, T, a and ^ are given as functions of V in eqn. 
16-19 of ref. (35) for the different models. For example, with 
the (3,a) choice of (m,n) or the flory model, eq. (34) becomes 
^V^/3 ^ M-.(l-V-l/3) ,^ V;^/3^.5 (3,) 
V -^^ -1 
By using the values of a and ^, the quantity 
has been obtained as a function of aT by patterson and Rastogi 
and it was also found that the following values of M give the 
best-fit : (6,12), 0.35, (3,a), 0.29; (6,a), 0.53. Reasonable 
agreement has been found with all the models. Patterson and 
- 22 
39 Rastogi calculated the surface energy and entropy using the 
Flory model and equation (35) and predicted the Macleod-Sugden 
correlation. 
Surface tension of a number of metals in molten state has 
been experimentally determined by a number of workers on the 
basis of a few existing phenomenological theories of liquid state,-#•-
41 e.g. Lennard-Jones and Corner have calculated this property on 
42 the basis of Free-volume theory, Reiss, Lebowitz and Frisch 
43 on the basis of hypernated chain theory, and Eyring et. al. 
On the basis of the significant structure theory of liquid 
though these theories yield correct values of the surface tension 
in the low density range, they exhibit considerable error in 
that of higher density. 
An expression (eqo. 37) relating the surface tension of 
liquids and the various intermolecular properties or the assemblies 
[Hirschfelder , Green ] has been developed by Fowler much 
before the method based on the Born-Green-Yvan-Kirwood theories 
46 22 45 
was developed. Both Fowler and latter workers * used in 
their arguments the basic assumption that the system is composed 
of a homogenous liquid phase in contact with a vapour phase so 
rarefied that it may be considered to be vacuum. Kirkwood and 
47 f \ 
Buffs used successfully eqn. (37) 
cr = -f-J n^ iT)P (r)#dr (37) 
for the calculation of surface tension of liquid argon, in which 
n^Cr) is a pair distribution function, = n g(r), where g(r) is 
the radial distribution function, n is the number density, and 
(r) is the intermolecular potential energy function. 
48 Ono has reviewed the methods available for the calculation 
0 
of surface properties from such theories. For such calculations 
one needs a priori knowledge of the intermolecular interaction 
potential and the calculation may then proceed after the radi. ' 
distribution function has been found from the Born-Green or 
similar equations. The radial distribution function is an experi-
mentally determinable quantity by X-ray diffraction analysis, 
49 Ranjit Sengupta and collaborators have determined the 
surface tension of some liquid metals, from, the radial distributior 
function obtained from the X-ray scattering data and the Lennard-
Jones potential. The results agree well with the experimental 
values. 
The properties of a large number of molten salt solutions 
can be evaluated to a close approximation by the regular solution 
50-52 53 
theory • The term 'regular solution* was used by Hildebrand 
to describe a class of mixtures which exhibited the non-ideal 
behaviour but did not show certain similarities. These mixtures 
have been studied rather extensively, both theoretically and 
54-56 
experimentally . Briefly, the regular solutions differ from 
those of the ideal in having a non-zero heat of mixing. For a 
binary mixture which has the properties of a regular solution, 
53 the enthapy of mixing is given by , 
/SH = WXj^ X2 (38) 
where W is the interchange energy or interaction parameter. The 
57-59 parameter which is defined for the pair-wise interaction , 
is a measure of deviation from the ideal solution behaviour i,e 
for an ideal solution, W=0, The surface tension of regular 
solutions has been placed on a firm theoretical foundation by 
55 59 
Guggenheim and Prigogine . They have shown that, when each 
molecule in the liquid is treated as though it were arranged on 
a lattice (quasi-lattice model) and there is a random distribution 
of the molecules in both the bulk and the surface of the liquid 
(zeroth approximation), inspite of the non-zero heat of mixing, 
the surface tension of mixture is given by 
^=^l'-^r" ^^ --i- ^ " T " [(X.O^  - (xj2] _ 
'2 ' '^^ 2' 
X, • 
(x,)^ = ^ , ^ l n ^ ,_|i.[(x,.)^-(x,)2]-
-f2- (x^)2 (39) 
where primes refer to the surface layer, while 1 and m refer to 
the fraction of the nearest neighbours which occupy the lattice 
plane and an adjacent lattice plane, respectively, and also 
satisfy the relationship, 1 + 2m = 1. For a single cubic lattice, 
Z = 6 and m = l/6 while in a close packed lattice, Z = 12 and 
m = 1/4. The parameter 'a' is the mean surface area of the 
molecules and is given by, 
where v. is the molar volume of the ith component (i = 1 or 2). 
By assuming the realistic model of molten salt solutions, 
i.e. the regular solution behaviour, the isothermal surface 
tension of a number of binary salt mixtures are obtained by knowing 
the surface tension, the density of the pure components and the 
interaction parameters, which can be obtained from the heat of 
mixing studies. An excellent agreement has been found between 
the experimental and the calculated values of the surface tension. 
However, in the cases of AgNOg-NaNO^, AgNO^-KNO^ and AgNO^-RbNO^, 
pronounced deviations have been observed. These deviations are not 
inherent in the equations, but result instead from the inter-
actions in the solution itself. It has been suggested that, in 
addition to the normal coloumbic forces, appreciable contributions 
from the dispersion forces and the covalent bonding are present 
in TINO^ and AgNO^ melts. These latter contributions cause 
departures from; the random mixing assumptions of the regular solu-
tions theory, in which case these equations become inadequate. 
Davis and Scriven proposed an expression relating the 
- 26 -
surface tension by means of a simple lattice model, to the 
internal pressure, (du/dv)_ j.. of the condensed phase in 
equilibrium with its vapour and the molecular density, n as 
follows : 
o n 
This expression is obtained for the interfacial tension 
solely in terms of the thermodynamic properties of the bulk 
condensed phase. The theoretically obtained values of surface 
tension at low pressure has been compared with those of the 
experiment. For several liquids good agreement has been shown 
between the theoritical and the experimental values. Equation 
(40) implies that the excess Helmhotz free-energy to create an 
interface of area, dA is equal to the change in the bulk phase 
1/3 internal energy upon changing the volume by an amount, n 
dA/8 at constant temperature and number of particles, n.. 
The effect of surface oxidation on the surface tension of 
64 99.999?^. Al was investigated by using the maximum bubble 
pressure method at 973K. If the measuring system was purged 
o 
by using Ar at 2000 cm /min just before the capillay was intro-
o 
duced into the Al melt, a value of '-^ '1091 mj/m was obtained, 
o 
The surface tension decreased to-^868mJ/m with an increase in 
the bubbling time due to the 0 diffusion from the system. The 
lower value correspond to an oxide coverage of Al over that 
of a monolayer. 
I'J 
On the basis of thermodynamic considerations employing 
65 the local composition concept as proposed by G.M. Wilson an 
equation was obtained which was found to be satisfactory in 
predicting the surface tension of ternary and quaternary systems, 
The dependence of surface tension on the vapour pressure 
and the fluid density has been established for 26 liquids. 
This relation permits the calculation of liquid surface tensions 
from the vapour pressure and the density data. 
Recently, Flory and co-workers proposed a theory of 
solutions which correlates the thermodynamic properties of 
liquid mixtures to the properties of their pure components as 
manifested in the parameters characterising their equation of 
state. Originally, Flory theory was established for the exact 
representation of liquid state of non-polar liquids and their 
mixtures. This theory has been employed to calculate the 
reduced and the characteristic thermodynamic parameters of 
liquids which, in turn, can be used to calculate the interaction 
parameter, 3Co) of binary mixtures, surface tension, ultrasonic 
velocity, U, excess molar volume, free-energy, G, the excess 
free energy, A G and many more thermodynamic properties. 
According to the Flory theory * the surface tension is 
expressed as. 
where cr and cr are the characteristic and the reduced surface 
71 tension, respectively. Patterson and Rastogi in their 
extension of the corresponding state theory dealt with the 
surface tension, expressed the characteristic surface tension 
as, 
<r* = K^/S P*2/3 T*i/3 (^ 2) 
in which T = T/T and P = P/P* where T and "p are the reduced 
temperature and pressure, respectively. 
72 
Prigogine and Saraga derived a reduced surface tension 
equation which in the case of Van der Waals liquid can be 
written as, 
? (V) = MV^/3. 3 } ! ^ i„ V ^ ^ i ^ (43) 
V V '^  -1 
Where M is the fractional decrease in the nearest neighbours 
which a molecule loses on going from the bulk phase of the liquid 
to that of the surface phase. 
For the evaluation of surface tension, the reduced and the 
characteristic parameters are obtained from the relation, 
V^'^ = 1 3 ? ^ 3 . 1 (44) 
in which a is the thermal expansion coeffecient which is equal 
to ~~p^ ("5j)» where y is the density of a pure liquid. Similarly, 
T and P are obtained as follows : 
- 29 ~ 
T = vl/2-l/V^/2 (45) 
^ = [ V^/3/(V 1/3-1)- ; r ^ ] (46) 
T V T 
Likewise in the cases of binary mixtures, the characteristic 
parameters that are used in calculating the surface tension are 
expressed as, 
V = Xj^ Vj^  -». X2V2 (47) 
T* = ( 4 A . ^ )"( V I ^^ 2 2^* - %^^^ C4.) 
i n which 
(p^= l - f ^ ^ = X2/[X2+Xi(v//V/)] (50) 
0^= 1 - 0 = 9l/[ 9^+^l(ViX*)-^/^], and (51) 
-X12 = Pi* -^ (y^N^r^^^i^^/^*)^^'^]^ (52) 
Here and DC,2 are the segment fraction, site fraction 
and the parameter characterizing the difference in the energy 
of interaction between the neighbouring molecules of different 
species and the average energy of interaction in the pure compo-
nents of the melts. The subscripts 1 and 2 refer to the two 
components of the binary mixture as usual. 
H) 
The Flory theory has been successfully applied by many 
workers in calculating the surface tension of molten salts and 
their binary mixtures. The theoretical and the experimental 
values of the surface tension have been found to be in good 
agreement. 
In order to explain the successful applicability of the 
Flory theory in evaluating the surface tension of low melting 
77 
salts and their binary mixtures, recently recorded data have 
been examined. 
75 In addition to the above attempts, Auerbach , proposed a 
relation between the ultrasonic velocity and the surface tension, 
U = ( 2 ^ ) ^ / ^ (53) 
6.3x10 f 
77 
A persual of the referred to data as contained in Table 1 
reveals that the experimental and the computed values of the 
surface tension of Ca(N03)2 4.31 H20-Cd(N0-j)2 4.34H2O, Zn(N03)2 
6.33 H2O - Ca(N03)2 4.1 H2O, Zn(N03)2 6.16 H20-Cd(N03), 4.1 H^O 
systems decrease with an increase in temperature and increase with 
an increase in the solute concentration. As the surface tension 
of any liquid is a direct consequence of its cohesive forces which 
decrease with an increase in temperature which, in turn, result 
in slightly lowering the surface tension. The surface tension 
has been found to vary linearly with temperature. 
As the concentration of the solute increases the rigidity 
as well as the viscosity of the resulting mixture increase » 
consequently, the molecular interactions are expected to increase 
which appears to be solely responsible for an increase in the 
surface tension with an increase in the solute concentration. 
The o-values of ZnCNO^) 6.33 H2O and ZnCNO^) 6.16 H2O melts 
have been found to be 4.2/1^  and 3.2/1^  lower in the two respective 
cases when compared with that of Zn(N02)2 6.0 H^O reported 
earlier'^^. The o" values of Ca(N03)2 4.31 H2O and CaCNO^)^ 4.1 
H2O when compared with that of Ca(N0_)„4H20 have been found 
to be 1.1?^  and 0.32?^  lower in the respective melts. This shows 
that the number of water molecules present in the melts does not 
affect much the maginitude of surface tension of these melts. 
77 A persual of Table 2 containing the recorded data reveals 
that the calculated values of M in the cases of CaCNO^) 4.1H„0 
and CaCNO^) 4.31 are more than 0.33, which means that in these 
melts the fraction decrease in the neighbourhood of a cell in 
the surface phase as compared to the bulk phase is slightly more 
in comparison with the other melts. The value of M for the zinc 
and cadmium nitrates are close to 0.33. M has been found to be 
a composition dependent parameter in the three systems referred 
77 to above • 
The computed values of cr-in the said systems using Auerbach 
relation are in good agreement with those of the experimental 
ones provided that Ca is either totally absent or is present 
in low concentrations as in the case with Zn(N0-)2 6.16 H^O -
++ Cd(N02)2 4.IH2O system in which there is no Ca 
The computed values of cr using the Flory theory and the 
Patterson and Rastogi relation are in good agreement with those 
obtained experimentally. Therefore, it can be concluded that 
the Flory theory can be applied successfully to molten salts and 
their binary mixtures and may be considered as one of the most 
appropriate theories that may be employed for the evaluation of 
surface tension of a wide variety of systems. 
APPENDIX 
1. Derivation of Equation of State : 
21 According to Tonks the totality of configuration space 
available to a one dimensional system comparising N particles, 
each of length 1 distributed within the space of length L 
and assuming that the overlapping of the particles are excluded, 
is given as 
_n_ _ (L-Ni r 
Nf 
« 
where Nl = (-^j" 
in which-|T-=l, is the space available per particle. 
Hence,-0-= [(l-l*)e]^ 
The configurational integral for such a system can be 
written as, 
Z =/....../ exp (-E(x)/KT) dx (2) 
where x denotes a set of configuration coordinates, 
X,, x_, ......X in one dimensional sapce, 
dx = dx,, dx , dx . 
In accordance with the conventional procedure l e t , 
Z = -TLexp ( - E^KT) (3) 
where E is the 'mean intermolecular energy*. For a three 
dimensional system eqn. (3) can be written as 
where y is the geometric factor which establishes the connections 
(Y V*)1/^ = 1* and (Y V)^/^ = 1. 
eqn. (4) can be written as, 
3N 
where e is the communal entropy factor which is not included 
in the cell model treatment. 
In order to deal with mixtures of molecules differing in 
size, an element (or segment) is defined as an arbitrarily 
chosen isometric portion of the molecule. Let there be r ele-
ments in a molecule and let 3c represent the number of external 
25 33 35 degrees of freedom. Following the Prigogine's treatment ' * 
of 'r - mer' chain molecule, it is assumed for the partition 
function to take the form, 
Z = Z comb [Y (V^/^ - v*^/^)^J^^^ exp (- E^KT) (5) 
where Z comb is the combinatorial factor which taken into account 
to the number of ways of interspersing of rN elements among one 
another, without regard to the precise location of each relative 
to its chosen neighbour. 
_ If- _ 
38 Frank suggested the following form of expression for 
the 'mean intermolecular energy', 
P _ constant 
o ~ ^m 
where m is considered to be a constant, usually in the range of 
1.0 to 1.5 for the non-polar liquids. In order to restrict the 
parameters permitted ra is taken as 1 and write 
E„ = ^ ^ ^ (6) 
where S is the number of intermolecular contact sites, T] is a 
constant characterizing the energy of interaction for a pair 
of neighbouring sites and v is the volume per segment. 
The process of differentiation involved in deducing the equation 
of state from eqn. (5) and (6): 
V 7 K fv ^wl/3 *l/3N3irNC NrSn Z = Z comb LY (v ' - V ' ; J exp " Y T K T 
In Z = In Z comb + rNCln Y + 3rNCln (v^^^ - v*-^^^) + J^^^ 
(^llLl.^ - 3rNC NrSn 
D vr ( ^  In Z >! _ rNC KT NrSTi 
p - KT ( - 5 ^ ^ \ - ^2y3(^i;3_^.i/3j - - ^ 
since P = P/P 
rNCKT NrSn 
- ^ = V - T = T / T ; V = v /v 
2P 
' 5 ' _ rNCKT Nrv*^ 
P % 2 / 3 / l / 3 c v l / 3 _ i ) - v2 
P V _ rNCKT*^ _Nx. 
CKT _ n* 
— ? r - - P V 
p* > ^ 3 ^ * l / 3 ( ^ l / 3 _ ^ . 
N r 
V T 
V 
T 
r N V 
*l/3( ^l/3_ 
vl/3 
vl/3-1 
-1) 
Nr 
V T 
This is the reduced equation of state for one segment. 
2. The effect of carbon on the surface tension of iron-
Manganese-carbon, iron-silicon-carbon, iron-phosphorus-carbon 
and iron-sulfur-carbon melts have been observed*^ ® at 1350-1650°. 
In the Fe-Mn-C, Fe-Si-C, Fe-P-C and Fe-C systems the surface 
tension was maximum at 1550 • The surface tension in the 
Fe-S-C system increases linearly with the increase in tempera-
ture, especially at low carbon contents. The low surface 
activity of Sulphur has been observed at low values of surface 
tension. The behaviour of Fe-Mn-C, Fe-Si-C and Fe-P-C systems 
are similar to that of the Fe-C system. Surface tension of 
FeS-C system lineraly decreases with increase in the carbon 
content. 
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